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Abstract 
Data from airborne W-band radar along with Weather Research and Forecasting (WRF) 
Model thermodynamic fields and air-parcel back trajectories from the HYSPLIT model are used 
to determine causes of finescale features of a northeast U.S. cyclone and link them to synoptic 
and air mass structure.  
The storm intensified and propagated along the New England coastline on 2 February 
2015. A stratiform echo was observed in the northeast half of the first of four flight legs with 
more convective echoes on the southwestern half.  As the storm moved northeastward, the radar 
sampled more of the convective southern quadrant of the storm. Convective radar reflectivity 
echoes were observed across all of the third and fourth flight legs as the stratiform echo had 
exited the sampling region. The air-parcel back trajectory analysis showed a coherent air mass 
structure of five trajectory groups distinguished by source location. The interface between two 
trajectory groups was nearly aligned with one of the WRF modeled potentially unstable layers.   
 Elevated convection observed near cloud top exhibited updrafts of 2 to 3.5 m s
-1
 and was 
often located within layers of WRF modeled potential instability. Beneath the elevated 
convection were many enhanced reflectivity fall streaks that were shaped by the vertical wind 
shear profile. Turbulent features were observed along a frontal boundary in a highly stable and 
highly sheared environment with radial velocities of 1 m s
-1
 upward to 4 m s
-1 
downward, 
corresponding to updrafts and downdrafts of ~ 2-3 m s
-1
. Updrafts of similar magnitude
 
were 
observed in a marginally stable, sheared environment at or near cloud top. Atmospheric 
temperature profiles and radial velocity observations supported freezing rain and/or ice pellets in 
portions of each flight leg. Surface observations of freezing rain in the vicinity of these flight 
legs were recorded. The data presented display the spatial variability of the finescale structure of 
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an east coast cyclone while determining the cause of such structure and its linkage to the 
synoptic scale. 
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Chapter 1 
 Introduction 
 Research into the air mass structure and finescale features of wintertime northeast U.S. 
extratropical cyclones has focused heavily on mesoscale precipitation banding features near or 
within the comma head of each storm (Nicosia and Grumm 1999; Novak et al. 2004, 2008, 2009, 
2010). These studies have focused heavily into the mesoscale forcing as well as the stability, 
structural, and dynamical evolution of such phenomena. Novak et al 2004, 2008, 2009, 2010 
have observed and modeled the presence of significant frontogenetical forcing, weak conditional 
instability, and conditional symmetric instability in the presence of mesoscale banding. These 
papers give insight into the complex finescale structure often found within east coast winter 
cyclones. Other studies have focused on microphysical properties of such storms using surface 
microphysical observations, ground based WSR-88D dual polarization radars, vertically pointing 
Ku-band radars, and a vertically pointing Micro Rain Radar ( Stark et al. 2013; Colle et al. 2014; 
Picca et al. 2014; Griffin et al. 2014, Kumjian and Lombardo 2017). These studies help to 
establish the relationship between finescale features and microphysical properties which are 
critical to determining air mass structure and storm evolution. 
Research into the finescale structure of mid-latitude cyclones has been conducted using 
ground-based radar along with rawinsonde and aircraft wind and temperature measurements 
(Stewart et al. 1990). Wakimoto et al. 1992 presents an airborne radar study of the frontal and 
convective structure of an east coast winter cyclone. Nieman et al. 1998 used airborne and 
ground based radar analysis techniques to observe and analyze the temporal evolution and 
dynamics of fronts of mid-latitude cyclones in the central U.S. To analyze finescale frontal 
features, Grim et al. 2007 used a combination of ground based WSR-88D and airborne radar 
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observations along with RUC model data while Novak et al. 2008, analyzing comma head 
mesoscale banding features, followed a similar approach but with MM5 and Weather Research 
and Forecasting (WRF) model data.  Later studies involving Airborne W-band radar 
observations were overlaid with (WRF) thermodynamic fields (Rauber et al. 2014; Rosenow et 
al. 2014; Rauber et al. 2014a,b; Rauber et al. 2015; Keeler at al. 2016; Rauber et al. 2017) to 
analyze the complex structure of extra-tropical cyclones. While these studies are not necessarily 
involving east coast winter cyclones, they do demonstrate the usefulness of airborne, especially 
W-band, radars in observing mesoscale structure and spatial variability of finescale features 
within cyclones.  Several of these studies revealed the presence of generating cells and elevated 
convection often found within a region of dry air at cloud top with updrafts on the order of 2-4 m 
s
-1
. Rauber at al. 2014a indicated updrafts were capable of approaching 6-8 m s
-1
. Another 
notable feature is the presence of fall streaks with ice crystals falling from the top of the 
generating cells into a moist environment below allowing for continued ice crystal growth 
through the seeder-feeder process (Bergeron 1950, Rosenow et al. 2014, Rauber et al. 2015). 
 The use of back trajectories as shown in Fuhrmann and Konrad II (2013), Rauber et al. 
(2014a), and Rauber et al. (2015) help to determine the relationship of air masses and frontal 
boundaries to finescale features and precipitation. Rauber et al. 2014b, using 48 hour back 
trajectories, showed the source of low-level moist air, responsible for precipitation in a cyclone 
over the Midwest, originated near the Gulf of Mexico with much drier air aloft originating over 
the Baja of California. In addition, ascent or descent of trajectory families, based on location, 
was used to characterize typical air parcel trajectory path into the storm.  
 In this paper, an analysis of the finescale structure of a northeastern U.S. snowstorm 
which intensified and impacted the Northeast on 2 February 2015 is performed using 
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observations collected from the National Science Foundation‘s (NSF) High-Performance 
Instrument Airborne Platform for Environmental Research (HIAPER) Cloud Radar (HCR) while 
aboard the NSF HIAPER G-V aircraft. Finescale features such as elevated convection, turbulent 
features, shear zones, and gravity waves are related to synoptic air mass structure and origin. The 
HCR observations are overlaid with Weather Research and Forecasting model thermodynamic 
fields and air-parcel back trajectories from the National Oceanic and Atmospheric 
Administration (NOAA)/Air Resources Laboratory Hybrid Single-Particle Lagrangian Integrated 
Trajectory Model (HYSPLIT) in order to determine the cause of such features. This work 
presents an airborne w-band Cloud Radar study of a northeast U.S. snowstorm. This thesis 
provides insight given to the spatial variability of the finescale structure of the storm.  This thesis 
aims at determining the causes of finescale structure and link finescale structure to synoptic scale 
beyond what has been presented in Rauber et al. 2017, an earlier study of this storm. 
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Chapter 2 
 Data and Methodology 
 Measurements taken are from the HCR‘s maiden research voyage on 2 February 2015 
where the HCR, aboard the G-V aircraft, was flown for six hours above a significant northeast 
U.S. snowstorm while the storm propagated from the New Jersey Coast to offshore of Maine. 
The radar was flown above the storm for roughly six and a half hours, between 1326 and 1947 
UTC, along six flight legs spanning between Bangor, ME and the northern tip of Delaware Bay 
at an altitude of nearly 12,800 m or 42,000 ft above MSL. Each flight leg was flown at a constant 
heading, with legs approximately 840 km in length. The flight was over the northwestern 
quadrant of the storm while the radar pointed at nadir (Figures 1 a-f). The track crossed near the 
metropolitan areas of Philadelphia, New York, and Boston, with a portion of the flight track 
passing over the Atlantic Ocean near Portland, ME. The northwest quadrant of the storm 
exhibited a variety of precipitation including rain, ice pellets, freezing rain, and snow. The 
rain/snow line was near southwestern Connecticut with snow located north of that region. Near 
the rain/snow line a mix of ice pellets and freezing rain was reported in surface observations. 
a. HIAPER Cloud Radar  
The HCR is a dual polarized, W-band, Doppler research radar which sat in an underwing 
pod on the HIAPER G-V aircraft during the observation period. The HCR W-band (94.4 GHz) 
equivalent radar reflectivity factor (Ze, hereafter, reflectivity), radial velocity (Vr), spectral width, 
and linear depolarization ratio were measured using a 0.7° beam pointed at nadir. The range 
resolution was 19.2 m with along track resolution of 20 to 200 m based on radial distance from 
the radar (Rauber et al. 2017). Specific details on the HCR itself can be found in Vivekanandan 
et al. 2015, and its specific use in this flight in Rauber et al. 2017.  
5 
 
b. Thermodynamic and wind fields 
The method by which thermodynamic fields are overlaid on airborne cloud radar cross 
sections is described in Rauber et al. 2014a, b, Rosenow et al. 2014, and Rauber et al. 2015. 
Using the same method, the WRF model was initialized at 0600 UTC on 2 February 2015 with 
the National Centers for Environmental Prediction (NCEP) North American Mesoscale Forecast 
System (NAM) analysis. The 0600 UTC 2 February 2015  initialization was chosen to allow for 
development of the large scale vertical motion field in the model while reducing the  likelihood 
that the evolution of the model storm would depart substantially from the actual storm. High 
vertical resolution (90 levels) was used to resolve frontal boundaries and shear zones. As shown 
in Fig. 2, the domain, outlined by a yellow rectangle, was centered on 39.694° N, 74.223º W, or 
near Atlantic City, New Jersey, with a horizontal resolution of 9-km and 90 vertical levels. To 
resolve physical processes the simulation used the following parameterizations: surface layer 
using Monin-Ubukhov similarity theory (Jimenez et al. 2012), Unified Noah land surface scheme 
(Chen and Dudhia 2001), Yonsei University planetary boundary layer scheme (YSU, Hong et. al 
2006), Thompson microphysics (Thompson et al. 2008), and Rapid Radiative Transfer Model for 
GCMs shortwave and longwave radiation (RR TMG)(Iacono et al. 2008). The fields overlain on 
reflectivity cross-sections were temperature (Tc) equivalent potential temperature (e), simulated 
winds parallel to the flight leg (v), and normal to the flight leg (u). All altitudes reported herein 
above MSL and times are UTC. 
c. HYSPLIT Air parcel back trajectories 
Air parcel back trajectories were calculated to determine air mass source regions, mean 
trajectory vertical displacement, and air mass structure in cross sections along the flight track 
using NOAA‘s HYSPLIT model, January 2017 revision (854) version (Drexler and Hess 1998; 
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Drexler and Rolph 2014),.  The HYSPLIT model was initialized with the NAM Data 
Assimilation System (NDAS) using a grid spacing of 12 km. Trajectory data were available 
every 3 hours. 24 hour back trajectories were run at every 1-km in the vertical and every ~100 
km in the horizontal along each HCR cross section. These trajectories are used to relate air mass 
origin and structure of the storm to potential instability, shear, and other finescale features in the 
HCR data and WRF model simulated fields. 
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Chapter 3 
 2-3 February 2015 Northeast U.S. Winter Storm Overview 
The storm of 2-3 February 2015 was a Miller-type B Northeast U.S. cyclone (Kocin and 
Uccelleni 2004) in which a low-pressure center moving towards the U.S. East Coast from the 
Ohio Valley weakens, then redevelops and intensifies off the coastline. Figure 3 shows 500 and 
925 mb geopotential heights, and the 925 mb low pressure center and fronts drawn at 0000 UTC 
on 2 and 3 February. Beginning at 0000 UTC 2 Feb, a deep 500 mb shortwave trough was 
present over the central U.S. with a well-defined area of low pressure over central Indiana. This 
storm brought near-record snowfall to metropolitan Chicago and adjacent regions including 49 
cm (19.3 in.) at O‘Hare International Airport (Rauber et al. 2017). The storm redeveloped and 
deepened rapidly off the east coast of the Northeast U.S. in the early morning of 2 February. By 
0000 UTC 3 February in Figs. 3c,d, the center of low pressure had moved up the coastline 
offshore of Maine while producing snow and wind across much of New England. Many 
locations in Vermont and New Hampshire received between 30 and 61 cm (12 and 24 in.) of 
snow. Boston, MA recorded 41 cm (16 in.) (Rauber et al. 2017).  
Figures 1a-f show a general eastward shift in the WSR-88D reflectivity field during 
observation time with the GV flight track and aircraft position overlaid. In Figures 1a-c, a 
southwest-northeast band of enhanced reflectivity, 32-38 dBZ,  propagates southeastward in each 
figure, crossing Philadelphia, Baltimore, and the southwestern GV flight track near 1500 UTC. 
The northeastern half of the flight tracks crossed a broad shield of reflectivity values of 16-20 
dBZ found over much of New England. Figures 1d-f show the back edge of the precipitation 
field quickly impinging on the southwestern edge of the G-V flight track with the western edge 
of the precipitation running from near Baltimore, MD to Poughkeepsie, NY at 1904 UTC. 
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Chapter 4 
 Synoptic and Air mass Structure  
Figures 4a-e display HCR reflectivity during the first four GV flight legs. Panel A of each 
figure shows two storm regions, a shallow stratiform region to the south with echo tops near 2 
km and turrets extending to 6 km (1326 - 1347), and a deep stratiform region to the north with 
echo tops near 9 km (1347 - 1418). As time progressed and the storm moved northeastward 
(panels B, C, and D of Figures 4a-e), the southern region occupied more of the flight track. The 
depth of the turrets in the third and fourth flight legs increased to as high as 7 km, with most 
turrets extending between the top of the low-level stratiform echo and 6 km. The deep stratiform 
region moved out of the area sampled by the aircraft by the third flight leg. Within this region on 
the first two flight legs, precipitation streamers emerged from near echo top but lost their identity 
below 2 to 4 km altitude.  
WRF fields of e, v, u, and Tc (Fig. 4a, 4b, 4c, and 4d) are overlaid atop HCR reflectivity 
for each flight leg. Positive v and u represent along cross-section (from SSW to NNE) and 
normal to cross-section (from WNW to ESE) winds, respectively. WRF modeled mid-level 
potential instability layers, where de/dz <  0, are shown in Fig. 4a by red-dashed lines and 
labeled L1 and L2. Additionally, Fig. 4e shows the location of HYSPLIT air-parcel back 
trajectory starting locations in each flight leg, distinguished by source location in Figs. 5a-d, with 
different symbols representing different trajectory groups. A typical trajectory from each group 
also appears on the figure. Figure 6 shows the vertical displacement of each of the trajectory 
groups in Fig. 5b. The Group A trajectories, marked by blue circles, originated over the Rocky 
Mountains (Figs. 5a-d) between 8 and 12 km (Fig. 6). Typically, these air parcels traveled 
eastward across the Plain states then ENE afterwards (Figs. 5a-d), while descending around 2 km 
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(Fig. 6), arriving between 8 and 12km in Fig. 4e. Group B trajectories, marked by red squares, 
originated over the Desert Southwest regions of Texas and northern Mexico (Figs. 5a-d) between 
3 and 9 km (Fig. 6). Typically, these trajectories changed little in altitude while traveling 
northeastward and arrived at the cross-section between 4 and 9 km (Fig. 4e).  Group C 
trajectories, the violet triangles (Figs. 5a-d), originated between the surface and 2 km over the 
Gulf Coast, and traveled northeastward, typically ascending around 2 km (Fig. 6), and arrived 
between 1 and 6 km in Fig. 4e. The inverted green triangles, Group D, supplied the cold, surface 
air and originated below 2 km (Fig. 6) in interior New England and Quebec (Figs. 5a-d). These 
trajectories arrived in the lowest 2 km of Fig. 4e, changing little in altitude over time. Group E 
trajectories originated over the Lower Mississippi Valley (Figs. 5c, d) below 3 km and changed 
little in altitude while traveling ENE to the lowest 2 km of Fig. 4e.  
 The analysis of Tc in Figure 4a shows a cold front located along an inflection point in the 
vertical profile of temperature, a local maximum. For example, temperatures at 1357 are -12ºC at 
1 km, -5ºC at 3 km, and -16ºC at 5 km with the front collocated with the relative temperature 
maximum at 3 km. The front was located at the surface near Philadelphia and extended, while 
sloping up northeastward, to 1 km above New York City, 3 km above Boston, MA, and 4 km at 
the northeast end of the flight leg. The frontal zone during the four successive flight legs was 
marked by cold easterly flow beneath and relatively warmer westerly flow atop the front. In Fig. 
4b just below the frontal boundary a zone of strong shear as present. Near 1357 , v/z = 37 m s-1 
km
-1
 with a NNE wind component of -16 m s
-1 
at 1 km and a SSW component of 40 m s
-1
 at 2.5 
km. The normal component of wind shear, u/z = 13 m s-1 km-1 above the frontal boundary at 
1352 with an ESE component value of -20 m s
-1 
at 1 km and near 0 m s
-1
 at 2.5 km (Fig. 4c). In 
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Fig. 4d, the frontal boundary, based on the inflection in the vertical temperature gradient, was 
positioned atop a sharp e gradient paralleling the position of the front. 
 Figures 4d and 4e show two red-dashed lines enclosing layers of mid-level WRF-
modeled potential instability where de/dz <  0. In the first flight leg, the upper layer (L1) was 
approximately 1 km in depth sloping upward from between 4.1 and 5.2 km at the southwest end 
of the track to 5 and 6 km at 1342 on the first flight leg.  L1 intersected the tops of many of the 
convective turrets in each flight leg, particularly from 1455 to 1502 and 1515 to 1522. The layer 
progressed northeastward with time, extending 85% of the distance along flight leg 4 from the 
southwest end of the flight track to 1635. The depth of L1, varied from 0.5 km at each end to 1 
km at 1723 in flight leg 4. The lower layer (L2) was typically around 0.5 km deep, and changed 
little in location during each flight leg. This layer intersected many of the reflectivity fall streaks 
in the middle of the cross-sections. The location of L2, aligns closely with the interface between 
trajectory Groups C and D as shown in Fig. 4e.  
 The HCR reflectivity shows many fall streaks just below each echo top within the 
stratiform echo between 1350 and 1417 and 1422 and 1447 in the first two flight legs. These 
regions are collocated with vertical shear of v/z = 8 m s-1 km-1 giving the fall streaks their 
southwestward arc as they descend from 8 to 6 km (Figs. 4a-e) before merging into a larger 
stratiform region of reflectivity below 2 to 4 km. More enhanced reflectivity fall streaks are 
found beneath cellular echoes between 1326 and 1347, 1457 and 1527, and nearly all of flight 
legs 3 and 4. These fallstreaks too merged into a more stratiform echo either at the bright band or 
the frontal boundary. 
 A layer of instability with de/dz < 0 was also present in each flight leg in the lowest 1 
km of Fig. 4d above the blue outlined region labeled ―ocean‖ (see first flight leg). This instability 
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results from cold arctic air passing over and being heated by relatively warmer Atlantic Ocean 
waters. The model generated instability coincides with the GV flight track over the Atlantic 
(Figs. 1a-f) demonstrating that the WRF model resolved the near-surface heating from the ocean 
waters well. 
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Chapter 5 
Finescale Structure 
Figures 7-15 show the fine-scale structure of the Ze and Vr fields in the context of model 
derived e, v, u, fields and in some cases, the 0°C isotherm.  The model fields are used to 
interpret the physical processes associated with features evident in the Ze and Vr fields. 
a. Elevated Convection: 
 Each of the first four flight legs exhibited examples of elevated convection often 
collocated with L1 and/or both L2.  
 The cell outlined at 1327 in region ―A‖ of Fig. 4, is shown in greater detail in Figs. 7a,b.  
Accounting for the terminal fall speed of ice particles of ~0.8 m s
-1
 (Rosenow et al. 2014), 
maximum updraft magnitudes are ~ 3 m s
-1 
over a 1 km depth and ~2 km width. The updrafts 
occurred near the base of L1 in Fig. 7b; however, the locations of the updrafts were not collocated 
with L1, suggesting that the model potentially unstable layer was about 0.7 km too high at the 
location of the cell. The v profile in Figure 7a shows winds decreasing from 25 m s
-1
 to 18 m s
-1
 
between 1.5 to 2.2 km and then increasing above that altitude to 35 m s
-1
 at the top of the cell 
near 4 km. This resulted in a ―C shape‖ appearance in reflectivity echoes formed by the wind 
shear profile as ice particles were transported more slowly northeast at the wind minimum and 
further northeast at other altitudes. The cell located in Figs. 8a,b, within region ‗B‖ in Fig. 4, had 
updraft magnitudes of approximately 2 m s
-1
 3.5 and 5 km and widths of approximately 1 km. 
These updrafts were based in L2. Like the previous cell, the shape of the turret conforms to the v 
profile (Fig. 8a), with a wind minimum, v = 24 m s
-1
, located near 5 km with v increasing above 
and below to 30 and 28 m s
-1
 respectively.  
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 A region of both elevated convection and freezing rain occurred in region ―C‖ on Fig. 4. 
The elevated convection emerged from L2, with turrets extending about the average echo top.  
Near cloud top, Vr indicates updrafts, after estimating/ice particle fall speeds, of near 3 m s
-1 
spanning widths of nearly 1 km through a 1 km deep layer within several convective turrets. L2 
in Fig. 9b is largely collocated with this region of updrafts indicating that the model data fit the 
observed data well. The reflectivity fall streaks beneath the convective cells near 4.5 km curved 
as they descended before congealing into a more stratiform echo. In Fig. 9a the v profile 
indicates a maximum near cloud top at 4.5 km of 36 to 38 m s
-1
 with a decrease to near 20 m s
-1 
at 3 km leading to sharply curved fallstreaks. The low-level stratiform echo also contains the 
melting layer which appears in Fig. 9b as the level where Vr increased rapidly with depth 
beneath 1.8 km. Examination of Tc indicates a region of above-freezing air, as deep as 1.25 km 
near 1342 and extending northeastward to 1345 with sub-freezing air beneath. This type of 
atmospheric temperature profile is conducive to ice pellets and freezing rain depending upon the 
depth of the cold air. Surface observations at KCDW (Caldwell, NJ), located very near the flight 
track, reported freezing rain from 1424 to 1553 UTC. A close look at Vr in Figure 9b shows 
downward velocities of 4 m s
-1 
indicating the presence of ice pellets or liquid droplets beneath 
the modeled above freezing air layer.  
A second example of ice pellets and freezing rain with elevated convection above is 
found in Figs. 10a,b or region ―H‖ in the flight leg cross-sections. Freezing rain signatures are 
found in Fig. 10b with Vr approximately at 4 m s
-1
 between 1455 and 1459 below 1.25 km.  Tc 
reveals an above freezing temperature layer between 1 and 1.5 km between 14:57:20 and 1459 
with sub-freezing temperatures beneath.  Vr indicate the possibility of freezing rain near 1457 as 
well although the Tc profile does not support this scenario. Surface observations at KCDW, 
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located near the flight track, measured freezing rain during the time sampled in Figs. 10a,b   
Between 5.5 and 7.25 km, after estimating ice particle fall speeds, were nearly 3.5 m s
-1
 in two 
separate locations, between 1457 and 1458 and 1455 and 1456. Updrafts are approximately 0.5 
to 1 km deep and are up to 4 km in width. In the same region at 1459, L1 ranges between 5.8 and 
6.7 km at 1455 and 5.8 and 6.6 km at 1459 which fits the updraft structure well as it is collocated 
with the region of updrafts near cloud top. Beneath the updraft regions, distinct enhanced 
reflectivity fall streaks can be seen emanating from large plumes of higher Ze near 4 to 4.5 km 
and extending down to 2.5 km. The shape of the fall streaks which bend southwestward with 
depth is attributable to the v profile in Fig. 10a where v generally increases with height with the 
exception of between 2 and 2.75 km in between 1455 and 1457.  
 An example of deeper elevated convection is outlined by Figs. 11a, b in region ―I‖. In 
Fig. 11b, 3 km wide updrafts of 3.5 m s
-1
, extend through a 3 km deep layer collocated with the 
L1. The v profile in Fig. 11a indicates an upward increase in v throughout the entire column 
containing the fallstreaks emerging from the convection. As a result, the shape of the fall streaks 
emanating from the cloud top convective cells near 4.5 km, curved southwestward as they fell 
and congealed into a more stratiform echo with lower v. A brightband and melting layer can be 
seen in both figures near 1.8 km as Vr increased to 4 m s
-1
 beneath this altitude.  
 Near 1604 and 1606 (Fig. 12a), region ―J‖, more convective cells are observed with 
reflectivity fall streaks, stretching beneath the cells from 5.5 to 3 km near 1604 and 5 to 3 km 
from 1605 to 1606. Fig. 12b indicates the main cell located near 16:04:30 between 5 and 7 km 
has an updraft magnitude of 2 m s
-1
. The updrafts were distributed over an area nearly 8 km 
wide, much wider than previously observed cells, and had a depth of 2.5 km. L1 intersects 
portions of the updraft located between 5.5 and 6.5 km but Vr shows that the potentially unstable 
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layer may be somewhat deeper. An interesting feature of note in Fig. 12a is the ~3 m s
-1
 updraft 
from 16:04:30 to 1605 between the surface and 2 km. This is likely due to orographic lift by hills 
near the shoreline resulting in low-level convergence of air and ascent along the coastline. 
b. Turbulent/wave features  
The HCR was able to observe other finescale features such as turbulence and various 
wave-like features throughout its passage over the storm. Most turbulence was located in the 
vicinity of the frontal boundary where strong values of wind shear both in u and v, and large 
vertical e gradients resulted in a highly stable, highly sheared frontal zone as shown in Figs. 
13a,b or ―G‖ in Fig. 4. Figure 13b displays this environment well with a 22 K km-1 gradient 
between 1 and 2 km and updrafts and downdrafts of 3 m s
-1
 spaced 3 km apart. In Figure 13b, 
v/z = 40 m s-1 km-1 and u/z = 20 m s-1 km-1 across the observed region of wavelike 
turbulence. Ze also captures wave like features atop a region of elevated reflectivity around 1 km 
from 1447 to 1449 (Fig. 13a). 
 Similarly, Figs. 14a,b from region ―K‖ in Fig. 4 shows a region of wavelike turbulence 
spanning 165 km within the lowest 1.5 km of the atmosphere. The location of the 0°C isotherm 
suggests the likelihood of freezing rain and ice pellets with this region as an above freezing layer 
with sub-freezing air beneath it extends across the region with increasing depth to the southwest. 
Near 1700 the depth of the above freezing layer in Figure 14b is around 200 m with this depth 
increasing to 1.5 km at 1711. KTEB, near Newark, NJ recoded freezing rain during the time 
sampled in Figs. 14a,b. The 4 m s
-1 
Vr indicates that echoes within this layer are either falling as 
ice pellets or liquid. The turbulent structures were in a stable and highly sheared environment 
with u/z and v/z = 12 m s-1 km-1 and 30 m s-1 km-1 respectively. The vertical e gradient 
reached values as large as 28 K km
-1
 around 1710 within the zone of turbulence in the lowest 1 
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km of the atmosphere. Vertical upward radial velocities as large as 1 m s
-1
 and downward radial 
velocities downdrafts of 4 m s
-1
 were present. Since the turbulence is located beneath the melting 
layer, subtracting approximately 0.8 m s
-1
 to determine updraft magnitude would not be a 
reasonable approximation and radial velocities will be used to describe magnitude of vertical air 
motion. The turbulent features were each spaced around 3 km horizontally. The depth of the 
upward and downward radial velocities associated with the turbulence are hard to quantify with 
downward radial velocities of 1.5 m s
-1
 appearing to extend as high as 2.5 km with the strongest 
upward radial velocities located atop the turbulence features around 1709 and extending upwards 
from 1.25 to 2 km.  Figure 14b shows Ze with clear wave-like signatures collocated exactly with 
the strong downdrafts observed in the Vr across the turbulence zone. 
 Kelvin Helmholz wave features were found near cloud top between 6.5 and 8 km and 
1434 and 1435 (Figs. 15a,b). Updrafts and downdrafts were on the order of 3 m s
-1
. The 
wavelength of this feature is approximately 3 km. WRF modeled shear in both directions was at 
or below 10 m s
-1 
km 
-1
 in the vicinity of the wave feature. Although L1 and L2 do not intersect 
this feature, e does indicate that between 6.75 and 8.75 km the increase of e was minimal, near 
1 K km
-1
  suggesting a marginally stable layer was present in that particular region.  
 Striking similarities between this region and a region on an earlier flight leg (Fig. 15a,b) 
can be seen in regards to the altitude, environment, and magnitude of observed wave features. 
Both wave-features are found between 6 and 8 km with the wave feature in Figs. 15c,d being 
located around 0.5 km higher than Figs. 15a,b. Figs 15a,b and 15c,d show a marginally stable 
environment with a e gradient of between 1 and 1.33 K km
-1
 collocated with v/z = 5 m s-1 km-
1
 in the vicinity of both features. Observed updraft and downdraft magnitudes are similar with 
greater Vr measured in Figs. 15c,d indicating updrafts and downdrafts around 3 m s
-1
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respectively. This may be attributed to the feature‘s location at cloud top which is more likely to 
experience entrainment of dry air resulting in sublimation enhancing the circulation as cooling 
increases downdraft strength and in turn increases updraft strength.  
c. Stratiform regions 
Stratiform echo regions were located across the northeastern half of the first G-V flight 
leg. Figs. 16a, b in region ―E‖ of Fig. 4 show an example of this region with Vr indicating a 
relatively laminar flow. One exception to this is within the lowest 500 m where instability caused 
by warm ocean waters beneath colder air results in the presence of turbulence. Ze in Figure 16a 
reveals a gradual increase in reflectivity values from cloud top towards 4 km with a greater 
increase just below that level. This region exhibits all falling snow and ice particles as it is 
located on the cold side of the system. Faint fall streaks can be detected falling southwestward 
from cloud top from 7 km to 4 km. 
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Chapter 6 
Conclusions  
 The analysis in this thesis demonstrates the link between synoptic structure and finescale 
features using high-resolution observations from the HCR aboard the NCAR G-V aircraft 
superimposed with WRF thermodynamic fields and air-parcel back trajectories from NOAA‘s 
HYSPLIT model. The analysis helped to link the synoptic structure and structural evolution to 
the cause of the observed elevated convection, turbulence, and wave features in the cyclone. 
Elevated convection was often collocated with L1 and L2. Freezing rain and ice pellets were 
inferred based on the Tc profile in regions where warmer air was present above the surface, near 
1 km, and was advected atop colder surface air, resulting in an above freezing layer atop a 
shallow sub-freezing layer. This was supported by surface observations of freezing rain close to 
the flight track. Small-scale turbulent features were collocated with a highly sheared, stable 
environment along the frontal boundary.  
 The key findings in this research are: 
1) The storm exhibited a coherent, well-organized air mass and synoptic structure which was 
linked to many finescale features . A frontal boundary located atop a sharp e gradient and 
collocated with strong wind shear stretched from the surface over the southwestern half of each 
flight leg to near 4 km on the northeastern end. Strong wind shear along this front produced 
wave-like turbulence. Additionally, L2 was found along the interface of trajectory Groups C and 
D. 
2) Elevated convection exhibiting updrafts ranging from 2 to 3.5 m s
-1
 and downdrafts of 2 to 3 
m
 
s
-1 
with depths ranging from 1 to 3 km and widths of 1 to 8 km was often collocated with L1 
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and L2 or L1. HCR reflectivity captured many fall streaks emanating from each convective cell 
and their shape was determined by the wind shear profile along the fall streaks‘ paths.  
3) Layers of turbulence were located in a highly sheared, stable environment along the frontal 
boundary. Upward and downward radial velocities of 3 to 4 m s
-1
 were observed with features 
spaced approximately 3 km apart horizontally. Wave-like features were also observed near 
cloud-top with updrafts and downdrafts of 3 m s
-1
 with wavelengths of 3 km. 
4) Sleet and ice pellets were observed in Caldwell, NJ from 1424 to 1553 UTC and near Newark, 
NJ between 1616 and 1830 UTC matching inferred ice pellet and freezing rain zones in the 
observations and WRF model diagnostics. The 0ºC isotherm overlaid with Vr captures this 
feature well. 
5)  As the storm system moved northeast, the HCR sampled more convective echoes with time. 
The stratiform echo spanning across the northeast half of the first flight leg moved further 
northeast until it was no longer sampled by the third flight leg. 
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Figures 
 
Figure 1: (a) WSR-88D Equivalent Radar Reflectivity factor composite with G-V 
flight track (black line) and G-V position (red dot) at 13:57 UTC, (b) at 15:01 UTC, (c) at 
16:00 UTC, (d) at 17:02 UTC, (e) at 18:02 UTC, and (f) at 19:04 UTC. 
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Figure 2: WRF model domain outlined by horizontal box. Horizontal grid-spacing is 9 km. 
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Figure 3: (a) 500 hPa heights and trough axis at 0000 UTC on 2 Feb 2015, (b) at 0000 UTC 
on 2 Feb 2015 with 925 hPa heights, surface low pressure, and fronts, (c) 500 hPa heights 
and trough axis at 0000 UTC on 3 Feb 2015, and (d) at 0000 UTC on 3 Feb 2015 with 925 
hPa heights, surface low pressure, and fronts drawn. 
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Figure 4a: HCR reflectivity overlaid with WRF Tc and L1 and L2 all four G-V flight legs. 
The boxed regions labeled A-L display regions chosen for examination of finescale features 
and structure. 
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Figure 4b: same as Fig. 4a but with WRF v. 
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Figure. 4c: Same as Fig. 4a but with WRF u. 
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Figure. 4d: Same as Fig. 4a but with WRF e  
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Figure 4e: same as Fig. 4d but with overlaid HYSPLIT back parcel air trajectory families. 
Blue circles represent Group A, red squares Group B, violet triangles Group C, and 
inverted green tringles Group D. In the third and fourth flight leg, the brown diamonds 
represent Group E. 
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Figure 5: (a) source locations of different trajectory groups: Group A as blue circles, 
Group B as red squares, Group C as violet triangles, Group D as inverted green triangles, 
and Group E as brown diamonds, that arrived in the HCR cross-sections at 1400 UTC, (b) 
at 1500 UTC, (c) and 1600 UTC, and (d) 1700 UTC. Horizontally drawn lines correspond 
by color to display example horizontal displacement of trajectory families. 
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Figure 6: Median vertical displacement of typical HYSPLIT air parcel back trajectories for 
each trajectory group arriving in the second G-V flight leg at 1500 UTC. Blue shaded bars 
represent Group A, red shaded bars Group B, violet Group C, and green represents Group 
D. 
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Figure 7: (a) HCR equivalent radar reflectivity factor overlaid with WRF v. (b) HCR Vr 
overlaid with WRF e (K) and L1. All data are between 1326 and 1328 UTC. 
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Figure 8: same as Figure 7 but for 1338 to 1340 UTC with L1 (top red-dashed lines) and L2 
(bottom red-dashed lines). 
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Figure 9: same as Figure 7 but with the WRF modeled 0 ºC isotherm (blue-dashed line) and 
L2. The data are from 1342 to 1346 UTC. 
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Figure 10: same as Figure 9 but from 1455 to 1459 UTC with L1 and L2 . 
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Figure 11: same as Figure 7 but with L1 from 1515 to 1517 UTC 
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Figure 12: same as Figure 10 but from 1603 to 1607 UTC 
 
 
 
 
36 
 
 
Figure 13: same as Figure 7 but with L2 from 1447 to 1451 UTC. 
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Figure 14: same as Figure 14 but from 1700 to 1715 UTC 
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Figure 15: Same as Figure 7 except (a) and (b) are from 1352 to 1354 UTC with L2 while (c) 
and (d) are from 1434 to 1436 UTC. 
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Figure 16: same as Figure 7 but from 1407 to 1409 UTC. 
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